Purpose: To estimate "population attributable fraction" (PAF) for coronary heart disease (CHD) mortality in a population of first-degree relatives of patients with monogenic familial hypercholesterolemia (FH) compared with the PAF for hypercholesterolemia in the general population. Methods: PAF was calculated as {f(R Ϫ 1)/[1 ϩ f(R Ϫ 1)]}, where f is the frequency of the risk factor (hypercholesterolemia) and R is the relative risk for the association of hypercholesterolemia and CHD death. For FH relatives, f was assumed to be 50%, based on a fully penetrant, dominant mode of inheritance, and R values were obtained from the prospective Simon Broome Register data.
The increased risk of coronary heart disease (CHD) in patients with heterozygous familial hypercholesterolemia (FH), the dominant mode of inheritance of this disorder, and the estimated prevalence of 1/500, are well established. [1] [2] [3] Monogenic FH is diagnosed clinically based on elevated total cholesterol concentrations and the presence of tendon xanthomas and family history of hyperlipidemia and premature CHD 4 or on the basis of low-density lipoprotein receptor gene mutations. 5, 6 A recent analysis demonstrated that family testing for FH among first-degree relatives is cost-effective in the United Kingdom 7 and ongoing family testing in the Netherlands has dramatically increased the percentage of adults receiving lipidlowering treatment. 8 From a public health perspective, the population attributable fraction (PAF) can be used to evaluate and compare the impact of risk factors on disease risk. PAF is defined as the proportion of cases of disease in a population that is attributable to a specific risk factor and, thus, estimates the proportion of disease that could be prevented if that risk factor were eliminated. 9 -11 To our knowledge, this approach has not been applied to relatives in families with monogenic disorders. 12 The term PAF is normally calculated by reference to a general population base, but in this analysis, we define the "population" at risk to be first-degree relatives of patients with FH and calculate the PAF for that specific population. In a monogenic condition such as FH, the frequency of "exposure" can be accurately estimated from the known, dominant, mode of inheritance. Furthermore, there is nearly full penetrance of this genetic disorder, consistently resulting in hypercholesterolemia among relatives with FH mutations. Importantly, effective therapy to reduce risk of disease, namely statin treatment, is widely available to reduce risk of CHD. [13] [14] [15] Thus the aim of this analysis was to estimate PAF for FH and CHD mortality among first-degree relatives in FH families, assuming that CHD mortality is caused by hypercholesterolemia, and to compare these findings with general population-based estimates for hypercholesterolemia.
METHODS
Determination of PAF requires estimates of the frequency of the risk factor in the population of interest (f) and the relative risk for the association of that risk factor with disease (R), and is calculated as PAF ϭ {f(R Ϫ 1)/[1 ϩ f(R Ϫ 1)]}. 9 -11 For FH families, the "population" consisted of first-degree relatives (parents, siblings, and offspring) of patients with FH. Assuming a dominant mode of inheritance, full penetrance, and no phenocopies (polygenic hypercholesterolemia), 50% of such relatives would be "exposed" to an FH mutation, resulting in f FH ϭ 0.50. Relative risks for the association between FH and coronary heart disease mortality (R FH ) were based on prospective data from the Simon Broome Register using 20-year age groups by sex for 5-year risk of CHD mortality 2 (Table 1) . Because f FH was held constant at 0.50 in this analysis, 95% confidence intervals for PAF were calculated to correspond to the 95% confidence limits for R FH .
PAFs for hypercholesterolemia and CHD were determined for the general population, based on data from the Framingham Offspring Study. 16 The Framingham risk functions were used to estimate 5-year CHD death rates for men and women by 10-year age groups, assuming subjects were nonsmoking, did not have diabetes, and did not have left ventricular hypertrophy. 17 The relative risks for hypercholesterolemia and CHD death were calculated for each age/sex group by taking the ratio of absolute risk for total cholesterol at 95th percentile compared with the absolute risk for total cholesterol at median value for each sex/age group. Thus, by definition, the frequency of hypercholesterolemia was 5% in each group. The 95th percentile values for the age/sex groups were generally slightly lower than the value of 7.5 mmol/L used to define FH clinically. 4 Table 1 , most of the 5-year CHD mortality is preventable among male and female first-degree relatives under age 40 in FH families by treating hypercholesterolemia in these groups (PAF ϭ 0.96 and 0.98, respectively). Although the confidence intervals for R FH in these groups were wide, the PAFs corresponding to the lower bound of the confidence intervals were still high: 0.89 and 0.88 for males and females, respectively. For male first-degree relatives ages 40 to 59 years, approximately half of the CHD mortality could be prevented, whereas the PAF decreases to approximately 5% for the older age group due to the low relative risk (R HC ϭ 1.1). Among female first-degree relatives, the PAF is approximately 0.75 in the 40 to 59 year age group and remains at least one-third in the oldest age group. Over all ages, between 44% and 57% of CHD mortality could potentially be prevented among male and female first-degree relatives in FH families, respectively, by treating hypercholesterolemia among affected relatives. These estimates are not materially altered by small changes in the estimated frequency of detectable FH based on differences in response rate and number of affected subjects, as observed in a pilot study in Manchester (f FH ranging from 0.36 to 0.60 18 ).
RESULTS

As shown in
As shown in Figure 1 , with the exception of men aged 60 years and older, the population-based PAF values for hypercholesterolaemia and 5-year CHD death were dramatically lower than the values for first-degree relatives in FH families for all age/sex groups. As with the findings for FH, the PAF values decreased with age and were generally higher for men than women. Combining all ages, approximately 5% and 10% of fatal CHD is preventable among men and women, respectively, from the general population, by reducing hypercholesterolemia. The Framingham-based calculations were repeated using the 98th percentile for each sex/age group (cut points ranging from 8.80 to 10.1 mmol/L), resulting in very similar PAF values (data not shown). These findings are in contrast to the 40% to 60% of potentially preventable CHD deaths among first-degree relatives in FH families.
DISCUSSION
Reducing the mortality and morbidity for CHD is a major aim of the WHO and many governments worldwide. 19, 20 The results from this analysis clearly demonstrate that cascade testing provides major health benefits for relatives of patients with FH. The risk of untreated FH and CHD death is uniformly high, especially in younger age groups (Table 1) . 2 Statins are effective treatments, 21 and cascade testing will allow the categorization of the relatives into those with the FH mutation and those without. By contrast, findings based on Framingham risk equations suggest that the identification and management of hypercholesterolemia, in the absence of other risk factors, will not have a major effect on cardiovascular mortality in the general population (Fig. 1) . However, because of the low prevalence of FH mutations (1 in 500), the identification and treatment of all FH cases would be unlikely to have a significant impact on cardiovascular mortality in the general population.
In this analysis, we applied the public health concept of "population attributable fraction" to estimate the proportion of CHD deaths preventable by reduction in cholesterol levels among relatives in FH families. The FH mutation, unlike usual environmental exposures for which PAFs are calculated, cannot be eliminated, but the penetrance of the risk factor consequent to the exposure, hypercholesterolemia, can be significantly reduced with pharmacological therapy and can lead to a significant reduction in mortality. The PAF, therefore, represents the theoretical limits of prevention effectiveness in this population group that may be attributed to a reduction in cholesterol levels. The results demonstrate that nearly all CHD deaths could be prevented under age 40 and more than half of such deaths could be prevented between ages 40 and 59. By contrast, using Framingham data, 16, 17 the proportion of CHD deaths that could be prevented in the general population ranged from 0.22 to 0.05 in similar sex and age groups.
In the general population, hypercholesterolemia is caused by the coinheritance of several genetic factors (polygenic) interacting with environmental factors (e.g., diet). Even though first-degree relatives of such individuals are likely to have inherited a certain degree of genetic predisposition to hypercholesterolemia, testing their relatives is unlikely to be a cost-effective way of identifying further subjects with severely elevated plasma cholesterol levels. By contrast, for monogenic FH, the proportion of first-degree relatives who have inherited the genetic predisposition is 50%, due to the known dominant mode of inheritance. Many, if not all, of these carriers will have been exposed to an excess burden of cholesterol since birth or early childhood. This makes the testing of relatives of a proband a highly efficient strategy to identify at-risk subjects in these families.
The actual number of first-degree relatives with FH that could be identified using such a strategy clearly depends on family size. However, each identified subject is then a potential new proband for further testing of his or her first-degree relatives. Such a sequential sampling strategy should be a highly efficient way to identify at-risk subjects, dependent only on family size and loss due to nonresponse. Such an approach for FH has been used by the MedPed organization 22 and shown to be effective in the U.K. and Holland. 8, 18 Family based approaches raise issues of confidentiality and presymptomatic testing causes anxiety, but the effect of FH testing has been reported to be minimal and not long lasting, [23] [24] [25] [26] and the health benefits are substantial.
There are several assumptions and limitations of this analysis. First, although risk in the general population was estimated from the Framingham Offspring Study, these risk functions have been shown to be valid for a variety of population groups. 27, 28 For FH, risk estimates are based on the largest study published to date, 2 but they still only represent a total of only 46 deaths from CHD, and the confidence intervals on these estimates are wide (Table 1) . Second, the available data may overestimate or underestimate the true risk effect. The estimates are based on previous studies where ascertainment bias and incomplete data may have occurred and the subjects recruited may overrepresent those most severely affected so that the actual relative risk in FH subjects in the general population may be lower. Alternatively, because subjects in the Simon Broome register were being treated with resins, dietary advice, etc., which, although of small effect on lipid lowering compared with the statins, would still have reduced the relative risk estimate of "untreated FH." However, because it is unethical to withhold treatment for FH, there are few studies where this risk can be determined. Third, full penetrance of FH has been assumed. Because clinical endpoints of FH may vary within families, and the apolipoprotein B Arg3500Gln mutation 29 or the autosomal recessive form of FH 30 could be present among FH families, this assumption may not be appropriate. Fourth, it is assumed that cholesterol reduction using statins will reduce the risk of CHD mortality in patients with FH to a similar extent as the reduction seen in the general population. Although statins clearly do reduce mortality in FH, 3 it is unknown if complete reduction of risk is possible.
Fifth, the population attributable fraction was calculated only for CHD mortality because morbidity information is not reliably available for any large group of FH patients. Importantly, the attributable fraction calculation assumes a causal relationship between the risk factor and the disease, i.e., reduction in the penetrance of hypercholesterolemia caused by FH mutations, will reduce CHD death. As a result, the PAFs values may be overestimates, but at least they reflect a reduction in risk toward the level of the general population. There is still considerable debate as to what the optimum "target" level of plasma lipids is in subjects with hypercholesterolemia, and whether there is a continued benefit in lower risk for lower cholesterol by increasing the dose of statins. 31 Once again, cost-benefit considerations are relevant because the cost of statin therapy is not inconsiderable (roughly £430 per year including GP time 7 ) and higher doses increases the risk of side effects. 
Population attributable fraction in FH
Finally, this analysis has not evaluated the potential effects of gene-gene interactions, gene-environment interactions, or the confounding effects of other risk factors. For example, non-insulin-dependent diabetes is a major risk factor for CHD events, the prevalence of diabetes increases with age, and would be likely to alter PAF estimates. However, it has been shown recently that statin treatment reduces CHD events in diabetics, 32 further strengthening the benefit of this therapeutic approach.
Despite these considerations, the population attributable fraction estimates presented here strongly support the view that family-based testing strategies of relatives of probands with monogenic hypercholesterolemia, including FH mutations, followed by effective lipid lowering drug treatment, is a highly effective clinical intervention to reduce CHD deaths among families with FH. Furthermore, because dietary and lifestyle changes are also an important part of risk reduction for FH, a family based approach has considerable advantages. We believe that its use should be strongly encouraged as a matter of good clinical practice.
The case for cascade testing is based on clinical and not on public health considerations, because low prevalence of FH limits the public health impact of intervention. Cardiologists, and physicians who manage these patients must be aware of the benefits of identifying and treating patients with FH through cascade testing, and providers of cardiac services should ensure that resources are made available to enable widespread implementation of this effective clinical intervention.
